Sophorose (2-0-,8-glucopyranosyl-D-glucose) induces carboxymethyl cellulase in Trichoderma reesei QM6a mycelium within 1.5 to 2 h. The induction response to sophorose concentration, although complicated by the metabolism of sophorose, shows saturation kinetics. Most of the cellulase appears after most of the sophorose has been taken up, but the presence of an inducer is required to maintain cellulase synthesis because enzyme production ceases after separation of the mycelium from the induction medium. Cellulase appears simultaneously in the medium and in the mycelium, and no appreciable levels accumulate in the mycelium. Response to pH suggests either that synthesis and secretion of the enzyme are closely associated or concurrent events affected by surface interactions with the medium. Effects of temperature and pH on cellulase induction by sophorose are similar to those reported for induction by cellulose. The kinetics of absorption by mycelium differs from that of other ,8-linked saccharides and glucose, the uptake of sophorose being much slower. Under our cultural conditions, sophorose appears to induce an incomplete array of cellulase enzymes, as indicated by enzymatic and electrophoretic studies.
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The natural inducer for cellulase enzymes produced while a microorganism is growing on cellulose is unknown. The assumption among most researchers in this area is that low, constitutive levels of cellulase react with cellulose to produce a soluble molecule which enters the cell and effects induction. It must be recognized, however, that spores of many fungi, including Trichoderma, contain carbohydrate reserves which might act as inducers, thus permitting initiation of growth on cellulose. Subsequently, inducers are produced at some point in the hydrolysis and assimilation of cellulose. Binder and Ghose (3) claim that actual contact between hyphae and cellulose is essential for cellulase induction by cellulose. Their data are not conclusive, however, since the distances between cell and substrate, where separated, were of a magnitude such that diffusion of small molecules away from the mycelium would prevent, mimimize, or delay cellulase production. Mandels et al. (17) discovered that sophorose (2-0-,8-glucopyranosyl-Dglucose), a trace contaminant in cerelose (glucose prepared by the acid hydrolysis of starch), was a potent inducer of cellulase in T. reesei QM6a. D. E. Brown (5) found cellulase production by T. reesei QM9123 with glucose (cerelose) as a carbon source in fermentor cultures. Cellulase production on cerelose does not commence until glucose is consumed, and then the remaining sophorose induces the enzyme. Sophorose is the most potent of known cellulase inducers. Both cellobiose and lactose can serve as inducers but must be present at high initial concentrations to be effective. During growth on cellobiose, products of glucosyl transfer are found in the medium, and these are reported to be better inducers than cellobiose (18, 23 (20, 21) . Loewenberg and Chapman (12) studied catabolic and inductive pathways of sophorose utilization in T. reesei. They suggest that the effectiveness of sophorose as an inducer may be related to a higher affinity of the inductive system for sophorose, the catabolic system having a higher capacity but lower affinity. Although sophorose induction of cellulase was reporte(l to be restricted to Trichoderma (17) , Eriksson and Hamp (10) have reported its effectiveness in Sporotrichurn pulterulenturn. Suzuki et al. dis- covered that eaarlier reports of celltulase induction by sophorose in Pseudomronas were due to the constitutive nature of cellulase in this bacterium and that because sophorose is consumed more slowly than other sugars, cellulase levels are increased, or derepressed, in the presence of sophorose (27) .
The cellulase-producing system of Neurospora crassa (8) is distinctly different from that of T. reesei with respect to the nature of the inducer, the conditions for induction, and the quantity of enzyme produced.
Reported here is a study on Induction of CM cellulase by sophorose was markedly affected by pH, with the optimum at about 2.8 ( Fig. 4) (23) . Above pH 3.0, the rate of formation and yield of cell-free enzyme de-
creases sharply, and no CM cellulase activity could be detected in the mycelium. The optimum temperature for production of enzyme was 280C (Fig. 1) , and there was a lag of about 1.5 h before cell-free cellulase could be detected. Whereas temperature had a negligible effect on lag, effects on rate of formation (optimum at ca. 34°C) and yield were markedly temperature dependent. The low yield at 39°C was not due to lethal effects, since both rate of absorption of sugar and respiration were more rapid at 39 than at 30°C. A substantial amount of sophorose was taken up before CM cellulase activity could be detected (Fig. iB) During induction, no CM cellulase could be detected in the mycelium before its appearance in the medium. The amount of activity associated with the mycelium was about 30% of the total activity at the onset of induction and declined to less than 10% during the rapid phase of cellulase production.
Rates of sugar uptake. In comparison with other sugars tested, sophorose uptake under standard induction conditions was quite slow, approximating a linear response to initial concentration ( Fig. 2A) . Uptake rates were influ- (Fig. 4) .
Hydrolysis of sophorose and cellobiose. Generally, glucosidases have a broad specificity for glucosidic bonds; e.g., Aspergillus /]-glucosidase and a-glucosidase hydrolyze all /3-or alinked diglucosides, respectively, except for a-a trehalose (24, 26 Sophorose metabolism. Several types of experinments were carried out conp)aning the Imletabolism of sophorose with cellobiose and glucose for clUes as to inducer specificity and the mechanism of induction. Glucose and cellobiose supported a rapid increase in respiration rate which fell as the sugars were depleted, whereas respiration on sophorose was considerablv slower and extended for a longei time (Fig. 3) . Measurements at various pH's show that exogenous respiration on sugars (sophorose, glucose, or cellobiose) falls off abruptly below ca. pH 3.5, decreasing to zero (i.e., the endogenous level) around pH 2.5 (Fig. 4) . This cannot be ascribed to retarded sugar uptake, particularly with glucose or cellobiose ( Fig. 2; Table 1 ). The rate of sophorose absorption is much lower than that of the other sugars but appears more than adequate to account for respiratory activity, assunming 50%7r assimilation and 50%7. oxidation to CO, and water and that endogenous respiration continues at about the same rate in the presence of exogenous sugars. Above ca. pH 5, marked variation in exogenous respiration of sugars was seen, although endogenous respiration was unaffected (Fig. 4) . Rate of absorption of sophorose at these pH's could be limiting, but this did not appear likely for cellobiose and was even less likely for glucose, because in both cases the rate of absorption was greatly in excess of respiration. The respiration rate on sophorose in this experiment approached that on glucose because relatively high sugar concentrations (10 mg/ml) were used to better resolve the changes in respiratory rates at the various pH values.
Nojirimycin caused almost complete inhibition of respiration on either sophorose or cellobiose, when used at 1/100 the concentration of these sugars. The same concentration had no effect on either glucose or endogenous respiration (Fig. 5) .
Respiration on glucose was relatively unaffected by acid treatment of mycelium. Acid treatment blocked respiration initially on sophorose or cellobiose for over 1 h, and then recovery was observed. This indicates that a surface-located agent is responsible for the absorption of cellobiose and sophorose (14) .
Deinduction studies. The induction phenomenon can be characterized by three parameters: length of lag, rate of formation, and yield of enzyme. Several studies were carried out to attempt experimental separation. Mycelium was incubated with 300 yg of sophorose per ml for 6 h, by which time 80% of the sugar had been taken up. One set was centrifuged, washed, and resuspended in the same 6-h medium from which it was removed, a second set was similarly washed and resuspended in fresh medium without sophorose, and the control was allowed to incubate without interruption. Hardly any CM cellulase was produced from cultures suspended in fresh medium, whereas those cultures which were resuspended in their original medium continued to produce cellulase at a rate approaching the control. Continued cellulase production re- 6 h. Furthermore, the amount of cellulase induced by supernatant fluids taken from the inducing mixture decreased with length of preincubation time. When the mycelium was incubated in sophorose medium, its sensivitity to sophorose and its ability to produce cellulase increased as the sophorose was consumed. At the same time, the potency of the supernatant to induce cellulase decreased, and when sophorose was totally consumed the supernatant induced no cellulase even with preinduced mycelium. Presumably, low levels of residual sophorose were responsible for continued induction, and preinduced mycelium was more sensitive to induction than was uninduced mycelium. To test this, mycelia were incubated with and without sophorose for 5 h, washed and suspended in the 5-h medium of the sophorose-containing mixture or in fresh media containing either 10 or 30 jig of sophorose per ml, and incubated for an additional 20 h (Fig. 6) . The enzyme production was slower in the uninduced mycelium. In both cases, the response to the 5-h medium approximated that from the addition of 10 fig of sophorose per ml. Attempts to characterize the inducing material in supernatants from sophorose culture were not inconsistent with the active material being traces of sophorose. For example, the inducing material was dialyzable, heat stable (withstood autoclaving for 5 min), was destroyed at pH 12 at 1000C, but was more stable at pH 1.
Nature of the cellulase enzymes induced by sophorose. The cellulase system of Trichoderma is a complex of endo-and exo-glucanases which can hydrolyze crystalline cellulose to soluble sugars (9, 28) . In the experiments so far, CM cellulose was the substrate in the assay because of its reactivity; hence we measured only endo-/-glucanase activity. To investigate other cellulase components induced by sophorose, the fungus was cultured on sophorose or cellobiose at 250 jig/ml for 24 h and the cell-free medium was concentrated 13-fold by ultrafiltration to permit examination for activity against substrates other than CM cellulose. For comparative purposes, a culture was incubated with 0.5% ball-milled cellulose in the standard salt solution for 9 days, and the filtrate was used without concentration or further treatment. No protein or cellulase activity could be detected in of sophorose per ml, compared with the inducing potential of 30 and 10 ,ig of sophorose per ml. After 5 h of incubation uwith 100 jog of sophorose per ml (A) or uwithout sophorose (B), mycelia were centrifuged, uwashed, and suspended either in fresh media with 0, 10, or 30 ,ug sophorose per ml or resuspended in the 5 pg/ml giving measurable induction. This quantity is in the range of 1/1,000 of the mycelial dry weight, and the effect on respiration and growth is negligible. When the sophorose concentration is less than 500 ytg/ml, the lag time for the appearance of cellulase is between 1.5 and 2.0 h. Lag times of 2 to 5 h have been reported previously for T. reesei (10, 12) . Berg and Pettersson (2) reported that, when incubated on a suscep- (Fig. 4) This supports the concept of coupled synthesis and secretion at the cell surface (15) and may help explain why only low levels of cell-bound or intracellular CM cellulase are found.
Loewenberg and Chapnman (12) suggest that the Inore rapidly sophorose is catabolized by the organism, the smaller the induction response. One possible fate for sophorose, after it is absorbed by the mycelium, is its reaction with /Bglucosidase; the glucose produced enters the respiratorv system. Sophorose is respired by Trich- oderma, although at a lower rate than either glucose or cellobiose. The observation that nojirimycin inhibits respiration on cellobiose as well as sophorose suggests that /3-glucosidase is involved in the catabolism of the sugars.
Because sophorose is not a gratuitous inducer, the kinetics of its induction of cellulase are complicated by other metabolic reactions. However, the dose response curve does display saturation kinetics, indicative of a reversible reaction. Induction is reversible in that further cellulase formation ceases as soon as the inducer is removed from the medium. Although much of the cellulase is producecl after Imlost of the sophorose is consumed, a low, residual level of sophorose may be responsible for continued induction. The fact that no cellulase is produced after sophorose is removed discourages the hypothesis that cellulase is cryptically associated with the mvcelium and released as the cells age.
Sophorose, at concentrations from 1 to 1,500 jig/ml, does not induce /3-glucosi(lase, btLt this enzyme is present in the mycelium apparently as a constitutive enzyme; i.e., the activity is about the same when the mycelium is incubated with glucose as it is with sophorose. Although some cellulase components are induced by sophorose, it appears that a group of enzymes produced in cellulose cultures is lacking in the sophorose-induced system. The properties of the missing enzymes are not known, but they aid in the hydrolysis of crystalline cellulase as indicated by the higher CM cellulase to filter paper cellulase ratio found in sophorose-induced cellulase. It is interesting that cellobiohydrolase, which has been suggested as a key factor in the attack of crystalline cellulose, is abundantly induced by sophorose. The lack of a complete cellulase system induced by sophorose raises some interesting questions for further study. Is there more than one inducer for the complete cellulase system, or are the differences in components between sophorose-and cellulose-induced enzymes the result of fermentation differences such as the length of time or growthassociated events which occur in the cellulose culture but not with the sophorose incubation?
